The extractability of carotenoid pigments from whole cells by sequential extraction at room temperature with polar and non-polar organic solvents, Triton X-100 and sodium dodecyl sulphate was studied in 40 pigmented, non-photosynthetic bacteria from 15 genera. The bacteria segregated into four groups according to the extractability of their pigments with detergent and methyl alcohol. There was no correlation between extractability and taxonomic status. Solvent and detergent extractions were effective with only 50 % and 35 % of the bacteria, respectively. Lyophilization of cells prior to extraction did not enhance extractability with solvents. Complete removal of the pigments from selected organisms with diethyl ether (following pretreatment with acetone) and with Triton X-100 could be obtained from cell wall and membrane fragments after disruption of the cells. A single extraction of wall and membrane fragments with methyl alcohol was effective in all but one case. The evidence indicates that the pigments are probably associated with protein and that the cell wall or intact membrane is the barrier to their extraction from whole cells.
INTRODUCTION
Although carotenoids have been shown to have some taxonomic significance in microorganisms (Liaaen-Jensen & Andrews, 1972) , there have been no systematic studies to determine if pigment extractability with solvents, which might reflect differences in location andlor binding of pigments, has taxonomic significance. A variety of extraction schemes haye been reported for removal of carotenoid pigments from cells. The methods used are empirical and usually involve extraction with a single solvent or solvent mixtures (Karrer & Jucker, 1956; Davies, 1965) . In our experience, using these procedures with non-photosynthetic bacteria, many organisms require repeated extraction to remove most of the pigment, and complete removal is not attained. A simple, effective method for complete removal of pigments from bacteria would be valuable in isolating pigments for identification and in determining environmental effects on pigment composition of cells.
The diversity of methods required to remove pigments from whole cells may reflect differences in solubility or differences in location and/or binding of carotenoids. Thirkell & Hunter (1 969) described the isolation of a pigment-glycoprotein complex from Sarcinaflava ( Micrococcus luteus) in which the pigment apparently was covalently bound to the complex through the sugar moiety. They gave a procedure for determining the type of binding in caroteno-protein complexes which calls for extraction of the pigment with diethyl ether following a variety of pretreatments to release the pigments from the complex. The pretreatment necessary for pigment release indicates the nature of the binding involved, e.g. hydrogen bonding, electrostatic binding, etc. We believed that this procedure, applied to whole and broken cells, would enable complete removal of carotenoid pigments as well as indicating how the pigments are bound in the cell.
Our objectives were to (1) devise a method for the complete removal of pigments from cells, (2) determine whether or not appropriate extraction procedures would reflect the location of the pigments andlor how they are bound in the cell, and (3) systematically study extractability of pigments from a variety of organisms to determine if variation in extractability, as opposed to the chemical nature of the pigments, has taxonomic implications.
METHODS

Organisms.
The organisms used and their source are listed in Table 1 . Media. Myxococcus and Stigmmllu species were grown in ATCC SP medium 432 (Hatt & Lessel, 1974) and the Flexibacter species in ATCC KlOl Flexibucter medium 284 (Hatt & Lessel, 1974) . Actinophes, Ampullariella and Amorphosporungium species were grown in quarter-strength Trypticase soy broth (Difco). All other organisms were grown in full-strength Trypticase soy broth. Stock cultures were maintained on the same growth media with 1.5 :
< (w/v) agar added.
Culture conditions. Cultures were grown in cotton-plugged Erlenmeyer flasks at 30 "C on an Eberhach rotary shaker at 80 rev. min-l. Since pigment production in some organisms is photoinduced, continuous illumination from two 30 W cool white fluorescent lamps 40 cm from the surface of the shaker was provided for all organisms.
Extraction of whole cells. Cells from cultures in the exponential phase of growth were harvested by centrifugation, washed and resuspended in water to an absorbance of 1.0 at 620 nm. Samples (30 mf) of resuspended cells were centrifuged and the pellet was either extracted without further treatment or lyophilized prior to extraction. Sequential extraction was conducted with 3 ml of each of the following solvents: methyl alcohol, acetone, chloroform, diethyl ether and petroleum ether (b.p. 35.8 to 56.5 "C). The petroleum ether was certified A.C.S. grade. All other solvents were reagent grade. The order of extraction is described in Results. Each sample was repeatedly extracted with each solvent at room temperature until either the solvent or the cells were pigmentless as determined by visual observation. The pigments were not quantified because the pigment composition of most of the organisms is not known and usually consists of a mixture of pigments each with a different absorption coefficient. For extractions with detergents, 1 % (w/v) sodium dodecyl sulphate (Fisher) or 2 "/d (w/v) Triton X-100 (Sigma) was used. Unless noted otherwise, exhaustive extraction with detergents was not done.
Extraction of disriipfed cells. Late-exponential phase cultures (250 ml) were centrifuged (3700g, 10 min) and the cells were washed once with water. The pellet from the washing step was covered with a few ml of water and frozen at -20 "C for a minimum of 24 h. Freezing facilitated subsequent disruption of the cells.
The frozen cells were thawed at, but not to, room temperature and suspended in 35 to 40 ml of cold distilled water. Glass beads (0.10 to 0.11 mm diam.) were added to the resuspended cells in an amount equivalent to one-third of the volume of the cell slurry. This mixture was chilled in crushed ice prior to disruption in a Braun model MSK homogenizer. Disruption was determined microscopically and normally took between 2 and 3 min depending on the organism. The disrupted cells were separated from the glass beads by decanting. The beads were rinsed several times and the rinses were pooled with the undiluted disrupted cells. Whole cells were separated from disrupted cells by centrifugation at SOOg for 15 min. The Supernatant was then centrifuged for 15 min at 27000s to sediment the cell wall and membrane fragments which were then resuspended in 15 ml of distilled water. Samples (1 ml) were used to test the extraction procedures described by Thirkell & Hunter (1969).
RESULTS A N D DISCUSSION
The degree of pigment release from whole wet cells by exhaustive sequential extraction, beginning with a polar solvent, methyl alcohol, and ending with a non-polar solvent, petroleum ether, and by a single extraction of separate samples by the detergents sodium dodecyl sulphate (SDS) and Triton X-100 are shown in Table 1 . Methyl alcohol was 100 % effective in pigment extraction in 13 organisms and acetone extraction was complete in 6. Extraction was incomplete in the remaining 2 1 organisms. Chloroform and petroleum ether did not remove pigment from cells previously dehydrated by methyl alcohol and acetone. Detergents removed some pigment from 14 organisms, both detergents removing pigment from the same organisms.
Four groups of organisms were distinguished on the basis of extractability with detergent and methyl alcohol (Table 1) : in group I, pigments were removed by both detergent and methyl alcohol; in group 11, pigments were released by detergent but not methyl alcohol; in group 111, pigments were released by methyl alcohol but not by detergent; and in group IV, pigments were not released by either methyl alcohol or detergent.
The extraction series described here failed to demonstrate significant correlation between pigment extraction patterns and taxonomic status at the generic level, since representative species of several genera are found in more than one of the four extraction groups. The only taxonomic group which showed uniformity was the gliding bacteria. Although only four organisms from this group were tested (Flexibacter ruber, Stigmatella aurantiaca and two species of Myxococcus), in all cases the pigments were extracted by both detergent and methyl alcohol. Cell suspension (30 ml) at an absorbance of 1.0 at 620 nm was used in all cases. Methyl alcohol and 2 7; aqueous Triton X-100 were used to extract pellets of cells obtained by centrifugation. For ether extractions, whole cells or wall and membrane fragments were centrifuged, resuspended in 2 ml water and extracted with an equal volume of ether. For acetonelether extractions, whole cells or wall and membrane fragments were centrifuged, resuspended in 2 ml water and an equal volume of acetone was added. After 5 min, 4 ml ether was added, the suspension was vigorously shaken and then allowed to separate into two phases. The suspension was then centrifuged and the location of the pigment (pellet, aqueous phase or ether phase) was noted. All extractions were exhaustive.
Extraction of pigments* 
---* + or P indicates complete or partial extraction. Where ether was used, the symbols indicate that the t For definition of solubility groups, see Table 1. pigment was either completely or partially in the ether phase.
A striking, though perhaps not unexpected, result of our experiments was the large variation in the ease of extractability of the pigments. Causes for this variation, both among genera and among species of the same genus, are unclear. There are several possible explanations. (I) 'In whole cells the cell wall, or some component in the cell wall, acts as a physical barrier to extraction. (2) The degree of extractability is influenced by the physical location of the carotenoids. (3) Binding of carotenoids in the cell affects their extractability; for example, in photosynthetic organisms, carotenoids are associated with protein (Ke, 197 1) which might profoundly affect their solubility. (4) The ease or difficulty in extraction may reflect differences in solubility of different carotenoids. (5) Extractability is influenced by a combination of the above.
Results in Table 2 suggest that the cell wall is the primary extraction barrier for these pigments, although an intact cell membrane may also be a barrier. Disruption of the cell enabled total removal of the pigments from cells which could not be completely extracted when they were intact. Triton X-100 removed all pigment in one or two extractions, and methyl alcohol completely removed pigment in one extraction from 12 of the 13 organisms. A major conclusion from our studies concerns the binding between the pigments and cell constituents. Use of the reverse solvent series (i.e. from non-polar to polar) on whole wet cells of representatives of each extraction group was less effective. In fact, in one instance (Micrococcus luteus, solubility group 111), pre-extraction with petroleum ether, chloroform and acetone prevented pigment extraction with methyl alcohol which completely removed the pigments from wet cells. Initial extraction with petroleum ether or chloroform was never completely effective. Lyophilization of cells before extraction did not significantly enhance pigment extractability over that with wet cells. These results imply that pigments are not merely solubie in the lipid phase of some portion of the cell but are associated with polar compounds. If carotenoids are only dissolved in some lipid phase of the cell, lipophilic solvents should remove them and lyophilization should enhance their extractability by removing any aqueous barrier. This conclusion is supported by results from a procedure which was originally used with a purified pigment-protein complex (Thirkell & Hunter, 1969) , making the reasonable assumption that the dissociation of a pigment-protein complex should be the same in a protein mixture as in the pure state. Thus, the fact that diethyl ether extraction of cell membrane and cell wall fragments removed only a portion of the pigment from some cells and none from the others (Table 2) indicates that most of the pigment is not simply dissolved in a lipid phase. Since pigments in all cases became completely soluble in ether following pretreatment of the wall and membrane fragments with acetone, a protein denaturing agent, the pigments apparently are associated with protein.
Since acetone can disrupt the complex, it would appear that the bond is not covalent.
These results differ from other reports on pigment association in non-photosynthetic bacteria. Thirkell & Hunter (1969) reported the isolation from Sarcina Java (Micrococcus hteus) of a carotenoid pigment apparently covalently bound to a glycoprotein. Anwar et al.
(1 977), using a non-ionic detergent, isolated carotenoids associated with phospholipid micelles from M. luteus. All three M. luteus strains which we tested appeared to contain pigment which was apparently associated with protein but not covalently bound. This disparity between published reports and ours may reflect strain differences or differences in growth conditions or isolation procedures.
